Abstract-Correlations between defect-related luminescence (DRL) and recombination mechanisms of multicrystalline silicon wafers are investigated by hyperspectral photoluminescence (PL) imaging at cryogenic temperatures (∼80 K) and by PL-based techniques for charge carrier lifetime at room temperature. This unique combination of measurement techniques is used to spectrally compare the DRL in n-type and p-type wafers and to investigate the DRL as a function of block height in a p-type block. Further, the dependence of DRL on interstitial and precipitated metallic impurities has been investigated by comparison of simulated concentration profiles of interstitial and precipitated iron with the spatial distribution of DRL. Our results indicate that the origins of the dislocation-related emission lines (D-lines) are independent of the doping type and suggest that the spectral shape, rather, is determined by the dominating recombination mechanism in the material. In regions with high structural defect density, we observe increased intensities of the D-lines D1-D4 in the DRL spectrum. In regions with a high concentration of either iron or other metallic precipitates, we observe reduced emission intensities of D3 and D4. It is, thus, likely that precipitates of either iron or other impurities partly supress the D3 and D4 emission intensities.
I. INTRODUCTION

M
ULTICRYSTALLINE silicon (mc-Si) is currently the dominating material in the rapidly growing photovoltaic market and will continue to be one of the most important mate- rials for solar cells also in the coming years [1] . The energy conversion efficiency of mc-Si solar cells is, however, lower than that of monocrystalline solar cells, mainly because of charge carrier recombination caused by crystal imperfections, such as dislocations, grain boundaries and impurities [2] - [4] . Therefore, an extended understanding of the defects in mc-Si may significantly contribute to the improvement of mc-Si solar cells. The detection of defect-related luminescence (DRL) of silicon wafers has been used by various authors as a tool for the characterization of defects in silicon. In 1976, Drozdov et al. [5] were the first authors to describe the so-caled D-lines, which are emissions assumed to be caused by dislocations in silicon. The n-type silicon samples investigated by Drozdov et al. were deliberately deformed and immersed in liquid helium (4.2 K) in order to supress the disturbance from phonons on the measurements. The observed emission lines were labeled as D1-D4 and were reported at the following energies: D1-0.812 eV, D2-0.875 eV, D3-0.934 eV, and D4-1.000 eV [5] . Sauer et al. [6] later reported that the emission intensity and the spectral shape of the D-lines depend on the local dislocation density. They further observed that the D-lines mostly appeared in pairs of D1/D2 and D3/D4. The authors suggested that the D3/D4 pair is related to the defects themselves, whereas the D1/D2 can be attributed to deformation-induced point defects located in the strain region around the dislocations. Other research works [7] - [10] have later supported the same theory. The theory is partially based upon measurements that suggest that the intensities of the D3/D4 emissions are higher directly on sub-grain boundaries, whereas those of the D1/D2 emissions are higher around sub-grain boundaries [7] , [10] . Along sub-grain boundaries with high concentrations of oxygen precipitates, a reduced intensity of D3 and D4 has been observed [7] . It has, therefore, been speculated that the emissions caused by intrinsic properties of the dislocations are partly suppressed because of such precipitates [7] . On the other hand, it has been reported (see, e.g., [11] ) that a correlation exists between oxygen precipitates and photoluminescence (PL) emission in the range of 0.7-0.9 eV.
In the discussion on the origin of the D-line emissions, it has further been suggested [12] - [14] that D3 is the phonon replica of D4. In a recent publication [9] , however, Nguyen et al. found that the intensities as well as the peak energies of D3 and D4 vary differently as a function of the distance from grain boundaries. Moreover, Burud et al. [15] found large spatial differences in the intensity ratio between the D3 and D4 2156-3381 © 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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emissions. These observations both contradict the idea that D3 is the phonon replica of D4. Kato et al. [16] applied polarized photoluminescence imaging analysis around small-angle grain boundaries in mc-Si wafers and found that D1/D2 (denoted as D a1 by these authors) showed polarization properties different from D3/D4 (denoted as D a2 ). The polarization properties were correlated to the grain-boundary orientation as determined by electron backscatter diffraction measurements, which suggest a relation between DRL and structural properties of grain boundaries and related radiative defects. For a more thorough overview of the works related to DRL and its origin, we recommend the review by Tajima [8] .
Despite various studies, no consensus has been reached regarding the dependence of DRL on metallic impurities. Gundel et al. [17] reported an increase in the relative defect PL intensity in regions with iron contamination (without precipitation) and that the defect PL shifts to higher wavelengths at points with iron precipitates. Flø et al. [18] reported a spatial correlation between iron contamination and the D4 emission. Lausch et al. [14] suggested that both D3 and D4 (denoted by the authors as type-A defects) are related to metal (iron) impurities. Nguyen et al. [9] , on the other hand, reported that the D1 emission intensity is suppressed by the presence of metal impurities, whereas the intensities of D3 and D4 are unaffected by iron contamination. As we will elaborate later in this paper, the different effects of interstitial iron (Fe i ) and iron precipitates might cause some of the confusion regarding the impact of iron contamination on DRL.
Originally, DRL signals have been recorded with various point-based methods. Consequently, only spectra from either single points or microscopic regions could be recorded. The spectra have often been deconvoluted by a Gaussian fit algorithm (see, e.g., [19] and [20] ) in order to resolve the individual peaks that contribute to the signal. Due to advances of the highsensitivity near-infra-red camera technique, it became possible to obtain spatially resolved but spectrally integrated images of sub-bandgap wavelengths [21] , [22] . Thus, spatially resolved images of the defect band at about 0.8 eV could be obtained. Such imaging techniques, applied for example in [21] - [24] , have a drawback because of its lack of spectral resolution. Hyperspectral imaging techniques, such as the one that we apply herein [25] , yield similar data as mapping (point-by-point) PL spectroscopy but drastically reduce the measurement time by simultaneous investigation of the spectral and one of the spatial dimensions of a sample. Spectral and spatial features of the DRL can, thus, be investigated simultaneously, which gives an enhanced ability to analyze and understand its behavior.
In this paper, we apply hyperspectral imaging to address three topics related to the DRL. First, we compare the DRL in nand p-type mc-Si. To the best of our knowledge, an explicit comparison between the DRL in the two doping types has not been conducted before. Second, we investigate the DRL from wafers that originate from different ingot positions in a p-type mc-Si ingot. Since the dislocation density, as well as the impurity concentration, varies along the height of an ingot [26] , this investigation gives useful information about the dependence of DRL on the dislocation density and impurity concentration. Third, we compare the spatial distribution of iron with the spatial distribution of the different D-lines. Since iron is the most important contaminant in mc-Si, which often limits the carrier lifetime because of recombination at iron interstitials and iron precipitates [27] - [29] , understanding the influence of iron precipitates and interstitials on DRL intensities can help optimize Si solar cell production process steps for an improved charge carrier lifetime.
II. EXPERIMENTAL DETAILS
A. Sample Preparation
The samples investigated in this study are chosen to allow for a direct comparison of n-and p-type materials. The samples are, therefore, taken from a p-type ingot and an n-type ingot solidified in identical crucibles and, as far as possible, with identical process parameters. In order to allow for investigations of the DRL at different block heights, samples from the p-type ingot are taken from the top, mid-height, and bottom ingot parts. . Both ingots were solidified in G2 (2 × 2 bricks) crucibles, and the bricks that we investigate were cut from a central position of one of the ingot edges, which is approximately 2 cm away from the rim (see Fig. 1 ). In-diffusion of iron and other impurities from the crucible is, therefore, present along one of the wafer edges, which allows the study of the spatial correlation between iron contamination and DRL. Other impurities present at low concentrations in the samples are Co, Cr, Ni, and Cu. The impact of these impurities is discussed in [30] . After sawing, the wafers were treated with a chemical polishing (CP) etch to remove saw damages. The n-type wafer was surface-passivated on both sides with a 60-nm SiN x layer using plasma-enhanced chemical vapor deposition (PECVD) and the p-type wafers with a 10-nm Al 2 O 3 layer processed with atomic layer deposition. Because the Al 2 O 3 layer is thin and damageable, it was additionally covered with a 70-nm capping layer of PECVD SiN x . The Al 2 O 3 passivation layer on the p-type samples was activated by a 400°C temperature step. In order to increase the comparability of the n-and p-type samples, the n-type wafers were also exposed to the same temperature step.
B. Measurement Techniques
All samples were subjected to photoluminescence imaging (PLI), from which minority charge carrier lifetime images (τ -maps) were obtained by the calibration of the PL images by harmonically modulated PL [31] . The p-type samples were additionally subjected to metastable defect imaging by calibrated PLI, which allows for spatially resolved measurements of the concentration of Fe i [32] . The Shockley-Read-Hall parameters for Fe i are taken from [33] and for Fe-B from [34] . Details on the metastable defect imaging technique can be found in [35] . Both PLI and Fe i -imaging were performed at room temperature, with a 790-nm laser used for optical excitation.
Since no reliable measurement of Fe in n-type silicon exists, numerical simulations of the Fe diffusion, segregation, and precipitation at crystal defects during the crystallization process were carried out. Model details can be found in [26] . The simulations show excellent agreement with Fe i measurements at the p-type ingot studied here [30] as well as Fe i measurements and precipitate measurements [36] from other ingots.
All samples were further subjected to hyperspectral photoluminescence imaging (PLI) at ∼80 K. The hyperspectral imaging technique (see Fig. 2 ) [37] that we apply is a scanning procedure for which a camera and an excitation laser (808-nm Coherent line-shaped Lasiris Magnum II), both connected to a mobile rig, are scanned slowly across the sample. The sample is placed on a cryogenic cooler, which consists of an aluminum vessel filled with liquid nitrogen. This ensures a sample temperature of ∼80 K, which significantly increases the signal-to-noise ratio as compared with room temperature measurements. The camera is of the type HgCdTe SWIR (Specim, Spectral Imaging Ltd.) and can detect light with wavelengths in the range of 926-2527 nm (corresponding to 0.49-1.34 eV). The spectral information is achieved by diffraction grating, in which light of different wavelengths is deflected differently, thus hitting the detector chip at different locations. The achieved spectral resolution is about 6 nm. The camera is equipped with a (850 nm) long-pass filter, which prevents reflections of the laser light from entering the optic apparatus.
Under operation, the camera acquires data from one spatial line of the sample at a time. For each row of spatial pixels, a 2-D image is made, in which the first dimension corresponds to the spatial dimension of the wafer, and the second dimension corresponds to the wavelength. When the camera is scanned over the sample, recording one 2-D image for each row of pixels, a 3-D tensor of data is produced, with two dimensions corresponding to the spatial dimension of the sample and the third dimension corresponding to the wavelength dimension. Our hyperspectral imaging technique can, thus, give spatially resolved images of the PL signal in specific wavelength intervals, as well as PL spectra produced either as the mean spectrum for an entire wafer or a wafer region or as the spectrum from a single point. The imaging method has recently been improved by an enhanced background noise subtraction scheme, which drastically increases its sensitivity [38] . Fig. 3(a) and (b) shows the PL lifetime images of passivated wafers (see Section II-A) from mid-height ingot positions in the n-type and the p-type ingots, respectively. The images were acquired at room temperature, using an illumination intensity of ∼1 sun (approx. 2.5 × 10 17 photons/cm 2 ·s). Note the different scaling of the two images. Fig. 3 indicates that both the average lifetime and the inner grain lifetime are substantially higher in the n-type wafer than in the p-type wafer. The difference in lifetime is mainly caused by the fact that Fe i and other interstitial transition metals in silicon have a much larger capture cross section for electrons than for holes [33] and, thus, a larger impact in the p-type than in the n-type sample. The charge carrier recombination in the n-type sample is to a larger extent dominated either by the recombination at dislocation clusters or other structural defects, seen as darker regions and spots. Dislocation clusters are present in both wafers, but because of the weak impact of interstitial transition metals in n-type samples, these clusters have a larger relative impact on the charge carrier lifetime in the n-type sample than in the p-type sample. Schön et al. [30] and Schindler et al. [2] described these and other [30] ). In the n-type wafer, the limitation is mostly due to iron precipitate, whereas in the p-type wafer, it is mostly due to Fe i . differences between the limitations to the charge carrier lifetime in n-type and p-type wafers in more detail. Fig. 3 (c) shows a map of Fe i in the p-type wafer. The map reveals the influence of solid-state in-diffusion of iron on the left edge. Both in Fig. 3 (a) and (b), regions of reduced lifetime on the left wafer edge (indicated by dashed line in both wafers) are seen. In the p-type wafer, the darker region at the edge has a uniform shape, which corresponds well to the distribution of dissolved impurities caused by in-diffusion from the crucible [see Figs. 3(c) and 8(f)]. In the n-type wafer, the edge region with reduced lifetime is narrower than in the p-type wafer and corresponds well to the region in which we expect precipitates of FeSi 2 [see Fig. 8(f) ] [30] . The indicated dark region at the left edge of the n-type sample is, therefore, likely to be caused by iron precipitates. Note that the additional uneven edge of the dark region that reaches further into the n-type wafer is caused mainly by dislocation clusters situated close to the edge of the wafer. Fig. 4 shows the normalized PL spectra of the n-type and p-type passivated wafers, lifetime maps of which are shown in Fig. 3 . The spectra are obtained as a mean of spectra of all spatial pixels of the wafer. The hyperspectral images were obtained at different excitation laser intensities, as indicated in the figure legend. Expected spectral positions of the defects D1-D4 are indicated.
III. RESULTS AND DISCUSSION
A. Comparison of Defect-Related Luminescence and Recombination Properties in n-and p-Type Wafers
The prominent peak at about 1.1 eV is the band-to-band (BB) recombination peak, and the two smaller peaks at about 1.04 and 1.08 eV are phonon replicas of the BB recombination. For the phonon replica at about 1.08 eV, a clear difference between the n-type and the p-type samples is seen. The dependence of the spectral shape in this wavelength region on the doping type and concentration was recently used by Liu et al. [39] to quantify boron and phosphorous dopant concentration based on PL spectroscopy. Daub and Würfel [40] have also previously described the dependence of the spectral shape of the phonon replicas on the doping concentration. Fig. 4 shows that the same peaks are found in the spectra from the n-type wafer as well as the p-type wafer and that their peak maxima appear at the same spectral positions. This finding, which we strengthened by investigating the spectra of Fig. 4 . Comparison of luminescence spectra of the passivated n-type and p-type wafers shown in Fig. 3 , normalized to the BB-peak intensity. The spectra are produced as the average of spectra of all spatial pixels of the hyperspectral images, obtained at ∼80 K. The numbers following the material type name indicate the approximate laser intensity at which the measurements were done relative to a base intensity I 0 . The positions of the four D-lines D1-D4 are indicated. The small peak at about 0.77 eV is a measurement artifact caused by the second-order diffraction maximum of the laser light in the camera.
wafers from another ingot as well, suggests that the origin of the D-lines is independent of the doping type.
Comparison of the spectra, as shown in Fig. 4 , suggests that, relative to the BB emission, the D3 and D4 emission lines are more intense in the n-type sample than in the p-type sample. When the spectra are compared, the higher net doping concentration N dop in the p-type sample than in the n-type sample (see Section II-A) is to be noted. The radiative BB emission of a sample increases with both the excess carrier density Δn and the net doping concentration N dop . Accordingly, when the luminescence spectra of two wafers with different doping concentrations are compared, if all other parameters are equal, one expects a more intense BB emission line in the sample with a higher doping concentration. The lower doping level in the n-type sample can, therefore, partly explain that the D3 and D4 emission intensities are higher relative to the BB emission intensity in the n-type sample than in the p-type sample. The same holds true for the D1 and D2 emission lines. As the two emission lines D1 and D2 have a relatively weak intensity in Fig. 5 . PL lifetime images acquired at room temperature of passivated wafers from (a) bottom, (b) mid-height, and (c) top parts of the p-type ingot. Note that the image in (a) is scaled differently compared with the other images. Note further that these measurements are obtained at illuminations of 1/100 sun, whereas the lifetime images shown in Fig. 3 are obtained at illuminations of 1 sun, which explains the different lifetime levels. Reprinted from [41] .
these samples as well as in other samples we investigated, we will mainly focus on the D3 and D4 emission intensities here. Fig. 4 shows an interesting discrepancy between the p-type and the n-type materials with regard to the ratio of the intensity of the D3 and D4 emission lines. In the p-type material, the intensity of D3 is higher than that of D4, whereas in the n-type material, the intensities of D3 and D4 are similar. Upon systematic investigations of the spectra of defect-rich regions also in n-type and p-type wafers from other ingots, we found the same pattern with regard to the intensity difference between the D3 and D4 emission lines. Because of the higher charge carrier lifetime in the n-type sample compared with the p-type sample, as shown in Figs. 3 and 4 , the injection level Δn is higher in the n-type sample at identical illumination. One may, therefore, suspect that the difference in the spectral shape in the wavelength region of D3 and D4 is caused by a difference in the injection level rather than by other material-related differences. In order to investigate this suspicion, we carried out hyperspectral measurements at varied excitation laser intensities. When the excitation laser intensity (and, consequently, the injection level) is increased, the relative difference in the intensity of D3 and D4 is observed to be constant. This suggests that the difference in the D3/D4 intensity ratio in the p-type sample compared with the n-type sample is not caused by differences in the injection level.
We find that the BB peak intensity increases with increase in excitation intensity, as expected (not shown). However, the increase in the intensity of all the D-line emissions is smaller than that of the BB emission, which causes the relative intensity of these peaks to decrease when normalized to the BB peak. For the investigated injection levels, the D-line emission rates, thus, seem to be less injection-dependent than the BB emission rate.
B. Comparison of Defect-Related Luminescence and Recombination Properties at Different Ingot Positions
In order to investigate changes in the crystal structure and in factors limiting the charge carrier lifetime over the height of an ingot, PL lifetime images were acquired from three wafers taken from different positions (bottom, mid-height, top) of the p-type ingot (Fig. 5) . The lifetime images indicate that the influence of dislocation clusters increases towards the top of the ingot. Moreover, the in-diffusion region at the left edge of the wafers decreases towards the top of the ingot. Based on Fig. 5 and experience with similar ingots, we conclude that dissolved or precipitated impurities mainly limit the charge carrier lifetime at the bottom of the ingot, whereas dislocation clusters are more dominant towards the ingot top. The top position might additionally be affected by segregated impurities, which limit the lifetime in grains with less dislocation clusters. Fig. 6 shows the non-normalized PL spectra of wafers from the three ingot positions (bottom, mid-height, and top), the lifetime maps of which are shown in Fig. 5 . The spectra indicate that the absolute emission intensity in the D3 and D4 wavelength region increases along the ingot growth direction, from bottom to top. Moreover, a difference in the spectral shape is seen; for the topmost wafer, the intensity of the D4 emission line is close to that of the D3 emission line. For the wafer from the mid-height ingot position, D4 is clearly less intense than for the topmost wafer, and for the wafer from the bottom ingot position, D4 is either not at all present or is so weak that it cannot be recognized from the neighboring peaks. Both the absolute intensity of the D3 and D4 signals and the relative intensity of the D4 signal to (1), one region with a high dislocation density but a low iron concentration (2) , and one region with a high dislocation density combined with a high concentration of both iron interstitials and iron precipitates (3) . The insets show spatially resolved images of the BB emission intensity and indicate the regions from which the spectra are extracted. Some datapoints around 0.77 eV are removed due to a measurement artifact caused by the second-order diffraction maximum of the laser light in the camera.
the D3 signal seem, in other words, to increase throughout the length of the ingot, from the bottom to the top. In the spectrum from the bottommost wafer, two additional wide peaks are seen; one with its maximum at about 0.7 eV, which has been described previously in [14] and [15] and the other with its maximum close to 0.9 eV, which might be related to oxygen precipitates, as described in [11] . Measurements at varied laser intensities (not shown here) indicate that the difference in the spectral shape is not solely a result of differences in the injection level.
Knowing that the influence of dislocation clusters on lifetime increases along the ingot-from bottom to top, we hypothesize that the differences in the spectral shape shown in Fig. 6 are related to the influence of such clusters. In Section III-C, we find further evidence for this hypothesis through spatial analyses of our samples: Regions/wafers with high impact of dislocation clusters are characterized by high emission intensities of D3 and D4, whereas in regions where the lifetime is limited by other factors, D3 and D4 emission intensities are weaker. D4 seems to be weakened more than D3. Considering that dislocation clusters generally have a larger impact on the charge carrier lifetime in our n-type sample than in our p-type sample (see Fig. 3 ), the spectral differences between the n-type and the p-type wafers seen in Fig. 4 may also be related to the same hypothesis.
C. Spatial Comparison of Defect-Related Luminescence and Recombination Properties
Mc-Si wafers large spatial variations with regard to the impact of recombination mechanisms, such as dislocation clusters or metallic impurities. In order to further investigate the hypothesis raised in Section III-B, we, therefore, carried out a spatial analysis and compared spectra from regions with different recombination properties. Fig. 7 shows the DRL spectra extracted from different regions in non-passivated wafers from the mid-height position in the n-type [see Fig. 7(a) ] and ptype [see Fig. 7(b) ] ingots. In each wafer, spectra are extracted from one good grain (with low dislocation density and probably low iron concentration) (1), one region with high dislocation density and probably low iron concentration (2) , and one region with high dislocation density and probably iron concentration above the saturation limit of Fei in silicon (3). The iron concentration is found by numerical simulations [see Section II-B and Fig. 8(f) ]. The simulations indicate that the total iron concentration in the chosen iron-rich region (3) is above the saturation limit of Fe i in silicon [see Fig. 8(f) ], which means that iron precipitates are present. We can assume that regions (2) and (3) have high dislocation densities because the intensities of the D1 and D2 emissions, which were found to correlate well with defect clusters, are high in these regions. The insets in both figures are spatially resolved images of the BB emission intensity and indicate the positions from which the spectra are extracted. Non-passivated wafers are chosen for this analysis because their BB luminescence peaks are smaller than for passivated wafers-an advantage for limiting the influence of the BB peak size on the apparent intensity of the neighboring D4 peak. Furthermore, because the effective lifetime in a non-passivated wafer is surface-controlled, a spatially homogeneous lifetime and injection level are expected. This allows for a spatial analysis of DRL with minimal impact of other spatial variations. The investigated non-passivated wafers are neighboring wafers to the passivated wafers, the lifetime images of which are shown in Fig. 3 .
In the chosen good grains (1) in both the n-and p-type wafers, the BB peak is the most dominant. As in Fig. 4 , the BB peak is more prominent in the p-type sample than in the n-type sample because of the higher doping concentration in the p-type sample than in the n-type sample. D3 and D4 show only very low emission intensities in these regions, but a wide peak with its maximum at about 0.7 eV, which previously has been described in [14] and [15] , is seen. In the dislocation rich regions (2), D3 and D4 have high emission intensities in both samples. In these regions, the BB emission line is much weaker than in the good grains (1) . In the regions with both high dislocation density and high iron concentration (3), the D3 and D4 emission intensities are reduced compared with the regions with high dislocation density and lower iron concentration. Note that the BB emission intensity is very similar in these regions (2 and 3), which indicates that the reduction of the D3 and D4 emission intensities is not caused by changes in the injection level. Fig. 7 , therefore, indicates that D3 and D4 emission intensities are partly suppressed by high concentrations of interstitial or precipitated iron (or other in-diffusing impurities). Note that the same pattern holds true both in the n-type and the p-type wafers, which suggests that the difference in the spectral shape is determined mainly by material properties, such as impurity concentration or dislocation density, rather than by material type (n/p). One should note, however, that the broad peaks with their maxima at about 0.7 and 0.9 eV, respectively, which were already mentioned in Section III-B, overlay the discussed D3 and D4 emissions. For example, in spectra 3 shown in Fig. 7 , one may claim that the D3 signals, without the broad background peaks, are not stronger than the D4 signals. These broad peaks, therefore, complicate the analysis of the emission signals when absolute spectra (without deconvolution) are compared.
For a further spatial investigation of the dependence of the D-line emissions on dislocations and on interstitial and Fig. 8(e) ] because of in-diffused iron as well as dislocated areas close to the edge. One might suspect that the reduction of the D3 and D4 emission intensities close to the wafer edge is a direct effect of the reduced lifetime or injection level and a possible injection dependence of the D3 and D4 emission lines. The region of reduced lifetime is, however, uneven and cornered because of crystal imperfections, such as grain boundaries and dislocation clusters that are coincidentally placed either in or close to the region of iron in-diffusion (see also Section III-A). The region of reduced D3 and D4, on the other hand, seems to run parallel to the wafer edge independent of the lifetime variations. This observation clearly suggests that the reduction of the D3 and D4 emission intensities is not related to reduced lifetime or injection level as such but, rather, to the presence of iron or other in-diffusing contaminants. Moreover, Fig. 8(f) shows that the BB emission intensity (and, thus, also the injection level) in the non-passivated wafer is only slightly reduced in the in-diffusion region, whereas there is a much stronger decrease of the D3 and D4 emission intensities. Fig. 8(f) shows a further comparison of the simulated Fe i and Fe precipitate concentrations with line scans (averaged over the y-direction) of the measured D3, D4, and BB emission intensities. The figure suggests that the region with reduced D3 and D4 emission intensities corresponds to the region in which iron precipitates are present in the material. Precipitates are built when the total iron concentration exceeds the saturation limit of Fe i and the temperature-dependent Fe diffusivity is high enough to allow Fe i diffusion to the nearest crystal defect. In typical crystallization processes, Fe precipitates dominate for a total Fe concentration above few 10 12 cm −3 . In most of our samples, the total iron concentration is well below 10 1 cm −3 . Because of solid-state in-diffusion during casting, there is a steep increase in the total iron concentration at the left wafer edge, starting about 30 mm from the edge. At about 15 mm from the edge, the total iron concentration exceeds the saturation limit of Fe i at temperatures above 800°C, which causes a plateau region in which the concentration of Fe i stays relatively constant because of saturation [26] . However, D3 and D4 do not reach such a plateau level, but decrease further until the ingot edge. As shown in Fig. 8(f) , a significant amount of iron is precipitated in a 20-mm wide region from the wafer edge. The good spatial correlation between the decreasing emission intensities of D3 and D4 and the increasing iron precipitate density towards the ingot edge leads us to hypothesize that the observed decrease of D3 and D4 emission intensities in regions with high iron concentration is caused by iron precipitates, rather than by Fe i . It should be noted that other metals present in comparable concentrations [26] , [30] have other diffusivities, which lead to significantly deeper or shallower in-diffusion profiles. The intensities of D1 and D2 seem to be undisturbed and independent of the local concentration of Fe i and precipitates.
IV. DISCUSSION
Tajima et al. [7] have previously reported a reduced intensity of D3 and D4 along sub-grain boundaries with high concentrations of oxygen precipitates and, thus, suggested that D3 and D4 emission intensities are partly supressed by oxygen precipitation. It is not unlikely that oxygen precipitates and iron precipitates can have a similar depressing effect on D3 and D4 emission intensities. Furthermore, experiments by Riepe et al. indicate the occurrence of mixed precipitates, including oxygen and iron [42] . Such precipitates might also depress the D3 and D4 emission intensities.
Gundel et al. [17] reported a shift of the defect PL band to longer wavelengths (i.e., lower energies) at points with iron precipitates compared with iron-contaminated regions without precipitates. Their measurements were done at room temperature. According to Tajima et al. [7] , with increasing temperature, D3 and D4 do merge into a broad band at approximately 0.94 eV, whereas D1 and D2 merge into a broad band of approximately 0.79 eV. Assuming that the so-called sub-PL band observed by Gundel et al. is a blend of the two broad bands described by Tajima et al., a suppression of the upper band (the band corresponding to D3 and D4) could, in principle, be equivalent to a shift of the sub-PL to lower energies. Gundel's findings do, in other words, match our observation of D3 and D4 being suppressed by metal precipitates.
Flø et al. [18] suggested a positive correlation between Fe i concentration and the emission intensity of D4. Their measured Fe i concentrations are, however, all below 10 11 cm −3 . For iron concentrations at this order of magnitude, one may assume that iron is present almost exclusively in interstitial form [30] . A depressing effect of iron precipitates on D3 and D4 emission intensities is, therefore, not detectable at these concentrations. The results that we present here, with a decrease of the D3 and D4 signals only in regions with significant iron precipitate densities and with Fe i concentrations above approximately 5 × 10 11 cm −3 [see Fig. 8 (f)], do therefore not contradict the findings by Flø et al. [18] .
In a recent contribution [14] , Lausch et al. reported that D3 and D4 emissions (referred to as type-A defects by these authors) are found at positions where metal precipitates are present, indicating that D3 and D4 are caused by metallic impurities. This indication seems, in the first place, to contradict our findings. We suspect, however, that Lausch et al. might have interpreted structural-defect-rich regions also as regions of high metal precipitate concentrations, which leads to this seeming contradiction. From our results, a separation between regions with precipitates and regions affected by structural crystal defects is possible. A similar separation might also clarify the results of Lausch et al. [14] .
The observed variation in the ratio of the intensities of D3 and D4 for the different ingot positions (see Fig. 6 ), as well as between the n-and p-type samples (see Figs. 4 and 7) , contradicts the idea of D3 being the phonon replica of D4, as suggested by some authors [12] , [13] . The observation is in line with findings by Burud et al. [15] and Nguyen et al. [9] , both of which report large variations in the ratio of the intensities of the D3 and D4 emissions from different locations on multicrystalline wafers.
V. CONCLUSION
The relation between DRL and recombination has been studied in n-and p-type mc-Si wafers as a function of ingot height and in relation to the concentration of interstitial and precipitated iron. We have found that the spectral shape is not determined by the material type (n/p) but, rather, by the structural defect density and the presence of dislocation clusters and precipitates of Fe. In regions with high structural defect density, we have observed increased intensities of the D-lines D1-D4. In regions with a high concentration of iron precipitates, the D3 and D4 emissions are reduced, while D1 and D2 are unaffected. We, therefore, hypothesize that precipitates of iron partly supress the D3 and D4 emissions.
